Background: Bladder cancer remains a cancer type in need of novel and alternative therapies. While multiple inhibitors of EGFR have been evaluated for efficacy in bladder cancer, the results have largely been disappointing with few patients responding to these therapies. Yet, there is a subset of patients that positively responds to EGFR inhibition with tumor shrinkage, indicating it is an effective treatment for a targeted set of bladder tumors. Objective: To derive a gene expression signature capable of predicting the response to EGFR inhibition in bladder cancer cell lines. Methods: The response to cetuximab for 68 colorectal cancer patients was used as training data to generate a gene expression signature. We applied this signature to bladder cancer cell lines and predictions were compared to the responses to seven EGFR inhibitors. Results: A novel 67-gene signature derived from colorectal cancer was able to significantly identify bladder cancer cell lines by their response to several EGFR inhibitors. Conclusions: The 67-gene signature can determine bladder cancer cell line sensitivity to EGFR inhibition. This work demonstrates a preclinical strategy to identify bladder cancer cell lines for EGFR-targeted therapy.
INTRODUCTION
In the United States, bladder cancer accounts for roughly 79,000 new cancer cases and 17,000 cancerrelated deaths, making it the 6 th most common and 8 th most deadly cancer type [1] . Current standards of care are the same cisplatin-based chemotherapy regimens that have been used for the past three decades, despite only having a 50% response rate [2] [3] [4] [5] [6] . Even with recent developments in immunotherapies [7] , bladder cancer still represents a cancer type in need of more effective and diverse treatment options to improve patient outcomes.
The epidermal growth factor receptor (EGFR) represents a potential therapeutic target in bladder cancer. Targeting of EGFR using small molecule tyrosine kinase inhibitors (TKIs) or monoclonal antibodies are effective strategies in multiple cancer types, including lung, colorectal, and head and neck [8] . However, the EGFR alteration landscape differs across these cancer types. For example, activating mutations in non-small cell lung cancer have been found in one third of patients [9] . While these mutations are rare in colorectal, bladder, and head and neck cancers [10] [11] [12] [13] [14] , EGFR copy number amplifications can be found in roughly 10% of colorectal [15] [16] [17] , 9% of bladder [13] and 25% of head and neck cancers [18, 19] . Accordingly, the EGFR landscape in bladder cancer more closely resembles that in colorectal and head and neck cancers compared to non-small cell lung cancer.
Several clinical trials targeting EGFR have been performed in bladder cancer with mixed results. Two studies failed to find any benefit of adding the dual HER2 and EGFR TKI, lapatinib, or the EGFR-targeted monoclonal antibody, cetuximab to chemotherapy [20, 21] . However, several trials have found at least some bladder cancer patients benefit from EGFR inhibition [22] [23] [24] [25] . Of 20 patients with stage T2 muscle-invasive bladder cancer receiving the EGFR-specific TKI, erlotinib, prior to radical cystectomy, 5 (25%) and 7 (35%) patient tumors were down-staged to pT0 or pT1, respectively, prior to surgery [24] . This study demonstrates the potential of erlotinib as a single agent to provide at least short-term benefit in the neoadjuvant setting for select group of patients with bladder cancer. Another promising trial evaluated the TKI, gefitinib, as a single agent for patients with metastatic bladder cancer who have progressed past first-line chemotherapy. In this trial, 3 of the 31 patients (9.7%) demonstrated stable disease or partial response [25] . Further preclinical work by Rebouissou, et al. [26] supports the findings that a subset of bladder cancers will likely be responsive to anti-EGFR therapy due to gains and activation of EGFR signaling.
These studies support the notion that there is a subset of patients that could benefit from targeted EGFR inhibition. Identifying these patients will be crucial for future clinical trials looking to advance the targeting of EGFR in bladder cancer. One potential approach to accomplish this is to use available data for patients treated with targeted EGFR inhibitors in another cancer type to develop a biomarker that identifies these bladder cancer patients. Large-scale, in vitro pharmacogenomic profiling experiments have revealed that biomarkers of therapeutic response developed in one cancer type can be effectively applied across multiple cancer types [27] [28] [29] . This notion is also gaining clinical support with clinical trials such as the NCI-MATCH trial, which uses a panel of single genomic biomarkers to identify therapies for cancer patients independent of cancer type [30] .
The goal of this work is to develop a gene expression signature to predict response to EGFR inhibition in colorectal cancer that can be used to predict response to EGFR TKIs in bladder cancer cell lines. Colorectal cancer was chosen to build the predictive signature because of the similarities in EGFR alterations between colorectal and bladder cancer. We focus on EGFR TKIs because they have demonstrated the most effectiveness in bladder cancer clinical trials [24, 25] and because gene signatures have been show to be translatable for predicting both cetuximab and TKI response [31] . We demonstrate the effectiveness of this approach by applying our gene expression signature to predict responsiveness of bladder cancer cell lines to EGFR inhibition. Collectively, this work demonstrates increased potential for applying a gene expression signature developed in one cancer type to a second cancer type. Specifically, we demonstrate the effectiveness of a pre-clinical biomarker that at one point may advance the selection of bladder cancer patients for specific experimental therapy.
MATERIALS AND METHODS

Data preparation
We downloaded Affymetrix gene expression CEL files directly from Gene Expression Omnibus (GEO), containing 68 colorectal tumors with annotated clinical response (GSE5851, Human Genome U133A 2.0 Array) or from ArrayExpress (MTAB-783, GeneChip HT Human Genome U133A array) containing 17 bladder cancer cell lines [32, 33] . Note that we selected the 17 bladder cancer cell lines contained within the full compendium of cancer cell lines made available through the Genomics of Drug Sensitivity in Cancer (GDSC) [32, 33] . The Affymetrix CEL files of 33 bladder cancer cell lines were previously generated by the Theodorescu laboratory (BLA40, GSE5845, Human Genome U133A Array) [34, 35] . Note that we removed 7 cell lines from the BLA40 that are potentially contaminated by other cell lines to arrive at the 33 bladder cancer cell lines used in this study.
For each of the three datasets, we calculated gene expression values using the fRMA method in the 'frma' R package [36] [37] [38] [39] . For the HT Human Genome U133A arrays, we used the "frozen parameters" available through the R packages for the associated microarray platforms . For the U133A arrays, we used the 'hgu133afrmavecs' R package [41] , and for the U133A 2.0 arrays, we used the 'hgu133a2frmavecs' R package [42] . All other fRMA parameters were kept as the default options. Probe set expression values were summarized as log 2 of the expression intensity. We compiled an aggregate matrix of expression values across datasets using like probe sets and batch effects were removed using the 'limma' R package function 'removeBatchEffect' where the batches were defined as the 3 datasets [43] . Finally, gene expression values were calculated by averaging the probe sets that mapped to the same gene.
Generation of the EGFRi67 gene expression signature
According to the clinical annotations provided by Khambata-Ford, et al. [32] , colorectal tumors with stable disease, partial response, or complete response following cetuximab treatment were classified as responsive. Of the 68 patients with gene expression and response information, 25 were classified as responsive and 43 were nonresponsive. We used the Prediction Analysis for Microarrays (PAM) method through the 'pamr' R package [44] to develop a gene signature for classifying patient response in the colorectal cancer data using the gene expression data as described in the previous section. We tested a range of 100 thresholds using the 'pamr.train' function and chose a threshold where the model fit provided the lowest error rate and greatest number of genes. This optimal threshold corresponded to a set of 67 genes. We chose this approach to select a threshold to avoid over fitting when applying the PAM model to new datasets. We named this model the EGFRi67 and we then used it to classify all of the samples in the combined gene expression dataset of bladder cancer cell lines and colorectal tumors. For figure display, the signature was visualized using Z-score transformation of the genes (mean-centered and divided by the standard deviation).
Prediction of cell line sensitivity by the EGFRi67
The EGFRi67 was used to predict EGFR sensitivity for the 17 and 33 bladder cancer cell lines of the GDSC and BLA40, respectively. The 'pamr.predict' function takes the EGFRi67 model fit and the matrix of compiled gene expression data as input. Predictions using PAM are made using nearest shrunken centroid classification as fully described in ref. [45] .
Briefly, for the 68 colorectal samples, a standardized shrunken centroid is calculated for each class (i.e. response, nonresponse for this study) by taking the average expression for each gene in a class divided by the within-class standard deviation. The centroid is shrunk according to the threshold we identified. A new sample (bladder cancer cell line) is classified as the minimum of the squared distances to each centroid. The prior probability of a responder or nonresponder can be directly calculated from the colorectal data set (responder = 25/68; nonresponder = 43/68). The posterior probability for a new sample is calculated as a combination of the discriminant scores (squared distance to shrunken class centroid) and the prior probabilities. We report the posterior probability that a bladder cancer cell line is a responder, that is, the cell line is sensitive to EGFR inhibition.
Evaluation of the EGFRi67 in the GDSC
We classified the 17 bladder cancer cell lines of the GDSC by predicted EGFR sensitivity using the EGFRi67. We then compared the predictions to the IC 50 values for the three tested TKIs specific to EGFR (gefitinib, erlotinib, and pelitinib), three TKIs against both EGFR and HER2 (afatinib, lapatinib, and CP724714) and one anti-EGFR antibody (cetuximab) [33] . The IC 50 values for each drug and cell line were plotted according to their predicted EGFRi67 sensitivity. Because the direction of response (sensitive compared to resistant) was being tested, we performed statistical comparisons using a one-sided Wilcoxon rank sum test.
Drug enrichment analysis in the GDSC
We compared the median IC 50 values for all 265 drugs in the GDSC across the EGFRi67 predicted sensitive and resistant groups. The drugs were then ranked according to their ratio of the median IC 50 of the EGFRi67 predicted resistant cell lines compared to the median IC 50 in the sensitive cell lines. Following the statistical approach used in Gene Set Enrichment Analysis (GSEA), we used the Kolmogorov Smirnov test (1000 permutations) to calculate the statistical enrichment of each pathway targeted by the drugs represented in the GDSC [46, 47] .
Evaluation of the EGFRi67 in publically available bladder cancer cell line response to erlotinib and lapatinib
Previous studies determined the response of bladder cancer cell lines to lapatinib [35] and erlotinib [26] . We identified the overlap of the cell lines used in these two studies with the 33 bladder cancer cell lines from the BLA40 [34, 35] and found 13 lines that overlapped with the erlotinib data and 27 lines with the lapatinib data. As reported in refs. [26, 35] , these bladder cancer cell lines fell into 3 groups of EGFR TKI response based on GI 50 : sensitive, intermediate, and resistant. For our purposes, we included the intermediate resistant cell lines in the resistant group. We used the EGFRi67 to predict cell line response to EGFR inhibition. For each of these drugs, we compared EGFRi67 predictions to their actual response using a Fisher's exact test.
Cell culture and gefitinib dose response
The 12 bladder cancer cell lines used in this study to evaluate the response to gefitinib are described and documented in Refs. [34, 35] . Cell line authentication was confirmed by short tandem repeat profiling (PowerPlex ® 16 HS System, Promega). To keep the concentration of gefitinib consistent, the same media, Minimum Essential Medium (Gibco) + 10% fetal bovine serum (Sigma-Aldrich) was used for all cell lines. Cells were grown in a humidified incubator containing 5% CO 2 at 37 • C. We treated each bladder cancer cell line with the indicated concentration of gefitinib (BIOTANG, Inc.) for 72 hours. We measured cell viability using a CellTiter-Glo™ luminescent cell viability assay (Promega). We calculated dose response curves and GI 50 concentrations for each line using the 'drc' R package [48] . Statistical comparisons were done using a one-side Wilcoxon rank sum test.
Molecular subtype classification of bladder cancer cell lines
Two studies in bladder cancer have identified two putative transcriptional subtypes in bladder cancers. Damrauer, et al. identified a 47-gene signature, the BASE47, which separated bladder tumors in proposed "basal-like" and "luminal" subtypes [54] . Rebouissou, et al. identified a 40-gene signature that separated bladder tumors into "basal-like" and "non-basal" subtypes [26] . We used each signature to select the associated genes from the combined dataset. Our data included 45 of the 47 genes of the BASE47 and all of the 40 genes from Rebouissou, et al. For clustering, each gene was Z-score transformed followed by hierarchical clustering (Pearson correlation and complete linkage) using the MultiExperiment Viewer software (MeV version 4.8.1) [49] . The putative clusters derived from hierarchical clustering were compared to the results in Damrauer, et al. and Rebouissou, et al. respectively to determine subtype classification. We then compared the subtype classifications from each gene signature to each other, followed by pharmacologic evaluation as described above for EGFRi67 predictions.
Code and data availability
Supplementary figures and tables, along with all code and necessary data to reproduce the results of the paper are publically accessible at: https://www.synapse.org/EGFRi67.
RESULTS
Defining the EGFRi67 gene expression signature
Gene expression signatures have been successfully used to predict response to cancer treatments, most often in the same cancer type in which the signature was derived [34, [50] [51] [52] [53] . Importantly, and supporting the premise of this study, a gene expression signature generated using TKI response in lung cancer was able to predict cetuximab response in colorectal cancer [31] . This study demonstrates the translatability of a gene expression signature of response to both EGFR antibody and TKI therapeutics. Here, we expand on this body of work to focus on translating response of targeted EGFR inhibition in colorectal to bladder cancer.
Khambata-Ford, et al. produced a rich resource of 68 colorectal tumors with associated gene expression and patient response to cetuximab [32] . Using the well-established PAM method [44] and the data from Khambata-Ford, et al., we defined a 67-gene signature ( Fig. 1 Table 1) . When evaluated over the 68 colorectal patients using 10-fold cross validation, the average cross-validated accuracy was 0.78, suggesting that the gene expression data holds strong predictive power. The final model is shown Fig. 1 . Stratification of colorectal cancer using the EGFRi67 gene signature. The EGFRi67 signature classified 68 colorectal tumors by their response to cetuximab [32] . Predicted and actual responses are shown at the top. The gene expression data, shown at the bottom, was Z-score transformed. The gene weights (shrunken class centroids) are shown at the right.
in Fig. 1 , including the expression profile of all 67 genes ranked on the posterior probability that the colorectal patient is a responder. To illustrate the impact of individual genes on the model predictions, we display the gene's model weights (shrunken class centroids). The EGFRi67 signature includes the EGFR ligands AREG and EREG, consistent with the original analysis of the data [32] . Additional components Table 1 The nearest shrunken centroids derived from the PAM algorithm.
These genes define the EGFRi67 signature To evaluate the effectiveness of the EGFRi67, we applied it to two independently generated bladder cancer cell lines panels, 33 lines from the BLA40 panel [34, 35] and 17 bladder lines from the GDSC [33] . Figure 2 captures the cell lines and the 7 EGFR inhibitors evaluated in this study. In addition to the EGFRi67 ( Fig. 2A, C) , we evaluate the basal-like subtype (Fig. 2B, D) because basal-like bladder cancer cell lines were shown to be more sensitive to EGFR inhibition [26] .
Evaluation of the EGFRi67 in bladder cancer cell lines from the GDSC
To determine the effectiveness of the EGFRi67 to predict sensitivity across different EGFR inhibitors, we first applied the signature to classify the 17 bladder cancer cell lines in the GDSC into two categories, sensitive (n = 5) and resistant (n = 12) ( Fig. 2A , Supplementary Table 2 ) [33] . For each of the 6 EGFR TKIs and the anti-EGFR antibody cetuximab, we plotted the IC 50 of each cell line according to their sensitive/resistant classification, although not all cell lines were tested with each drug. The EGFRi67 correctly, as determined by statistical significance using a Wilcoxon rank sum test, predicted cell line sensitivity to the dual EGFR/HER2 TKI, afatinib ( Fig. 3A ; p = 0.01). The IC 50 of cetuximab and gefitinib trended to be lower in the predicted sensitive bladder cancer cell lines but did not reach significance (Supplementary Figure 1 ; p = 0.09 and p = 0.2, respectively). Finally, no difference was observed between the EGFRi67 predicted cells when treated with pelitinib or CP724714. We could not effectively evaluate erlotinib and lapatinib as the GDSC only tested two bladder cancer cell lines with each drug. 
Cancer cell lines classified as resistant by the EGFRi67 are more sensitive to PI3K and mTOR pathway inhibition
In the context of precision oncology, predicted resistance or nonresponse presents a new challenge, which is to identify an alternative treatment option. For the 17 bladder cancer cell lines in the GDSC, we leveraged the set of 265 drugs tested on these cell lines to address this challenge. Here, we identified therapeutic agents that were more effective in the EGFRi67 predicted resistant lines. As we expected, and supporting our previous results, drugs targeting the EGFR signaling pathway are significantly more effective in the cell lines predicted to be sensitive by the EGFRi67. In contrast, we found drugs that target the PI3K and mTOR signaling pathway were enriched in lines predicted to be resistant according to the EGFRi67, suggesting these drugs may be attractive therapeutic targets in cases when cells are resistant to EGFR inhibition (Fig. 3B, C,  Supplementary Table 3) . We also noted that the predicted EGFR inhibitor sensitive cell lines are also more sensitive to drugs targeting chromatin histone acetylation (Fig. 3B, C) . The results for one of the mTOR inhibitors, temsirolimus, are shown in Fig. 3D (Wilcoxon rank sum test; p = 0.03).
EGFRi67 predicts bladder cancer cell lines sensitive to EGFR TKI inhibition
To further evaluate the effectiveness of the EGFRi67 signature for predicting response to EGFR inhibition in bladder cancer outside of the GDSC, we compared predicted response to 3 EGFR inhibitors with cell lines overlapping the BLA40 (Fig. 2C) . First, we generated our own experimental data to evaluate the response to gefitinib. We selected 12 of these bladder cancer cell lines (4 predicted sensitive and 8 predicted resistant) to test their response to gefitinib using an ATP-based assay following treatment (Fig. 4A, B, Supplementary Table 4) . The bladder cancer cell lines predicted to be sensitive to EGFR inhibition had significantly lower GI 50 of gefitinib compared to cell lines predicted to be resistant (Wilcoxon rank sum test; p = 0.05).
Next, we evaluated the response to erlotinib and lapatinib in two publically available datasets [26, 35] . The EGFRi67 predicted erlotinib sensitivity at an accuracy of 85% (Fig. 4C, Fisher' s exact test, p = 0.03). The EGFRi67 predicted sensitivity to lapatinib at an accuracy of 78% (Fig. 4D, Fisher' s exact test, p = 0.06). The results in BLA40 cell lines are consistent with the GDSC in that the EGFRi67 identifies bladder cancer cell lines that are more sensitive to a variety of EGFR inhibitors.
Basal-like bladder cancer cell lines are not more sensitive to EGFR inhibition
It has previously been reported that basal-like bladder cancer cell lines were more sensitive to the EGFR inhibitors, erlotinib and cetuximab [26] . Given these results, we determined the transcriptional subtypes of the bladder cancer cell lines in our study, and evaluated their relationship to EGFR inhibition response.
To determine the molecular subtype of the bladder cancer cell lines, we identified basal-like cell lines (Fig. 2B, C,  Supplementary Figures 2, 3 , Supplementary Table 5 ) [26, 54] . We compared the identified molecular subtypes from each signature and found strong consistency between the two signatures (Fig. 5A, 90%  overlap) . For downstream analysis, we only considered the cell lines that were identified as basal-like or non-basal under both signatures. In contrast to what we expected, we found that the basal-like subtype was not more sensitive to any EGFR inhibitor evaluated (Fig. 5) . However, basal-like cell lines were strongly trending to be more sensitive to pelitinib and CP724714 (Supplementary Figure 4 , Wilcoxon rank sum test; p = 0.07 and p = 0.1, respectively).
DISCUSSION
Despite the introduction of immunotherapies, the majority of bladder cancer patients who fail or do not qualify for first-line chemotherapy will not have a secondary treatment for which their cancer will likely respond [7] . Attempts to treat bladder cancer with EGFR inhibitors have yielded mixed results, yet a targeted cohort of patients do respond to these therapies [20] [21] [22] [23] [24] [25] . Since the responding patients are a small percentage of the population, any success from inhibiting EGFR in bladder cancer will likely require an accompanying molecular test to more accurately identify the patients likely to respond to treatment.
The goal of this study is to generate a gene expression signature to predict bladder cancer cell line sensitivity to EGFR inhibition. Among other features, gene expression signatures lack the direct measure of mutations, which is relevant because EGFR activating mutations impact response to EGFR inhibition [55] [56] [57] . Importantly, we chose to use colorectal cancer to build the EGFRi67 signature because bladder and colorectal cancer rarely have EGFR mutations, but both cancer types have EGFR copy number gains [10] [11] [12] [13] . This alleviates concerns of a gene expression signature being confounded by the presence of activating EGFR mutations in the training or testing data. Related, KRAS mutations are a major mechanism of resistance to EGFR inhibition, but tumors with these mutations harbor a prominent transcriptional profile, suggesting current knowledge of EGFR inhibitor resistance will be captured at the gene expression level [58] . Therefore, the landscape of genomic alterations in all of these cancer types supports the potential of a gene expression signature to predict the response to EGFR inhibition in both colorectal and bladder cancer.
After generating the EGFRi67 gene signature, we evaluated it in public and novel experimental datasets using bladder cancer cell lines. Our analysis spans 6 different EGFR TKIs and 1 antibody across 4 independent pharmacologic datasets. Collectively, our results demonstrate the predictive power of the EGFRi67 in bladder cancer. We also identified potential alternative therapies in both EGFR-sensitive and EGFR-resistant bladder cancer cell lines (Fig. 3) . Using the GDSC, we were able to show that EGFRi67 sensitive cell lines were more sensitive to drugs related to chromatin acetylation. Histone deacetylases (HDACs) have previously been shown to reduce the expression of EGFR [59] . These results suggest that HDAC inhibitors may synergize with EGFR inhibitors as a way to reduce EGFR activity through both direct inhibition of EGFR by the TKI and indirect down regulation of EGFR by the HDAC inhibitor. We also found that EGFRi67 predicted resistant cell lines were more sensitive to PI3K and mTOR inhibitors. Dual PI3K/mTOR inhibitors have previously been shown to enhance sensitivity to cetuximab resistant in head and neck cancer cells [60] . Our study further highlights the role of the PI3K and mTOR pathways in the resistance to EGFR inhibition.
A previous study demonstrated that basal bladder cancer cell lines have enhanced sensitivity to the EGFR inhibitors erlotinib and cetuximab [26] . We have extended this study to include more bladder cancer cell lines and several additional EGFR inhibitors. While we fail to find strong support of enhanced EGFR sensitivity in the basal-like subtype, further studies are needed to confirm these findings. One potential explanation for the difference in results is that we evaluated only cell lines that showed consistent predictions over two independent gene signatures, rather than relying on a single gene expression signature [26, 54] . A fundamental difference between our studies is how our gene signature was derived. In Rebouissou, et al., the gene expression signature was derived from unsupervised clustering of bladder tumors, with the later observation that cell lines of the basal-like subtype were more sensitive to EGFR inhibition [26] . In our approach, we built a supervised model based on the response to cetuximab in colorectal cancer. Future studies may be used to determine which approach is more useful to expand currently used therapies to additional cancer types. More specifically, to determine if gene signatures predicting response in colorectal cancer explain bladder tumor response equally as well or more effectively than an unsupervised transcriptional signature derived from bladder cancer samples.
An interesting note of this study is not only that a single expression signature derived in colorectal cancer was effective in bladder cancer, but also that a signature derived from cetuximab was able to predict the response to TKIs. As a monoclonal antibody to EGFR, cetuximab inhibits activation and phosphorylation of EGFR similarly to gefitinib, a TKI [61] . However, cetuximab also has the ability to activate antibody-dependent cellular cytotoxicity and some have argued that this may play a significant role in the in vivo cytotoxicity of this treatment [62] . However, our study argues that the cytotoxic ability of cetuximab is particularly tied to its ability to inhibit EGFR, because the signature of response generated from cetuximab data is effective at predicting the response to an EGFR TKI in vitro, without a role from the immune system.
Clinical trials evaluating the effectiveness of EGFR inhibition in bladder cancer have largely been disappointing because of the few patients that respond to the treatment. One way to increase the effectiveness of EGFR inhibitors for bladder cancer treatment is to better identify the patients that are likely to respond. In this study, we identify a preclinical biomarker that identifies bladder cancer cell lines more likely to respond to EGFR inhibition. Future studies are needed to determine its clinical validity in enhancing the selection of bladder cancer patients for alternative therapy.
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